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The activity of serial concentrations of different antimicrobial agents on the multiplication of Legionella
pneumophila within human monocyte-derived macrophages was studied. The results led to the definition of a
minimal extracellular concentration inhibiting intracellular multiplication (MIEC). According to the MIECs,
the antimicrobial agents tested were classified in three groups: (i) very active (MIEC < 0.06 pg/ml), such as
erythromycin, rifampin, and pefloxacin; (ii) active (1 pg/ml = MIEC = 0.1 pg/ml), such as sulfamethoxazole-
trimethoprim or doxycycline; and (iii) ineffective, such as cefoxitin, which was not active within macrophages
at as high as 64 pg/ml despite a low MIC (0.2 pg/ml) on bacterial charcoal-yeast extract agar. The activity of
netilmicin was difficult to assess because of its effect on extracellular legionellae. Combinations of erythromycin
with rifampin and pefloxacin with erythromycin, rifampin, doxycycline, or netilmicin showed an additive effect
and no antagonism. These results obtained in a cellular model are in agreement with the efficacy of
antimicrobial agents in experimental infections and in Legionnaires disease. They sustain clinical interest in the
new quinolones, such as pefloxacin, and in combinations of antimicrobial agents for the treatment of

Legionnaires disease.

Legionella pneumophila, the agent of Legionnaires dis-
ease, is a facultative intracellular bacterium which multiplies
within phagocytic cells (13). Erythromycin alone or in com-
bination with rifampin is the currently accepted treatment of
Legionnaires disease, though failures or delayed activity are
observed, especially in inmunocompromised patients (2, 18,
21). Thus, the activity of other antimicrobial agents has to be
tested. However, the assessment of in vitro antibiotic activ-
ity by conventional means is misleading because of (i) partial
inhibition of some antibiotics by a component(s) of the media
used for Legionella growth (3, 6, 16) and (ii) the discrepancy
between in vivo inefficacy and in vitro low MICs of some
antibiotics, especially B-lactams, caused by a low intracel-
lular penetration at the site where Legionella sp. multiplies.

To overcome these obstacles, we used a cell model to
assess the activity of antibiotics against Legionella sp.
multiplying within macrophages. The effect of decreasing
concentrations of the anti-infectious agents erythromycin,
rifampin, doxycycline, netilmicin, sulfamethoxazole-tri-
methoprim, pefloxacin, and cefoxitin led to the definition,
for each of them, of a minimal extracellular concentration
inhibiting the intracellular multiplication (MIEC) of L. pneu-
mophila. Moreover, our results sustain the use of antibiotic
combinations and the potential interest of new quinolones
such as pefloxacin in the treatment of Legionnaires disease.

MATERIALS AND METHODS

Bacteria. L. pneumophila serogroup 1, strain Paris/CB
81-13, was used in all experiments. This strain was isolated
from the lung of a patient who died from Legionnaires
disease, and it was plated on bacterial charcoal-yeast extract
(BCYE) agar only twice before use. Susceptibility of this
strain to antimicrobial agents was compared with the sus-
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ceptibility of eight other L. pneumophila serogroup 1 strains
isolated from patients and of the L. pneumophila serogroup
1 reference strain ATCC 33152. In vitro antibiotic suscepti-
bility tests were performed by agar dilution with a Steers
replicator (3). The medium was BCYE agar with appropriate
concentrations of the agents. For the inoculum, a 48-h
culture was taken from BCYE agar, suspended in distilled
water, and diluted to 1 X 108 to 6 x 10® CFU/ml. Each
inoculum spot contained 10° to 10¢ CFU.

Sera. Pooled normal human serum was collected from five
healthy donors. Immune serum was obtained from a nonim-
munocompromised patient with culture-proven Legion-
naires disease; the antibody titer to L. pneumophila
serogroup 1 was 1:512 as determined by an immunofluores-
cence test.

Monocyte-derived macrophages. Human monocyte-
derived macrophages were obtained as described previously
(25) from the peripheral blood of a healthy donor who was
seronegative (<1:16) for L. pneumophila serogroup 1.
Briefly, 15 ml of venous blood mixed with 5 ml of 3% gelatin
(Plasmagel; Roger Bellon, Neuilly, France) and 50 pg of
heparin per ml was sedimented at 37°C for 45 min. The
leukocyte-rich plasma (2 ml) was poured into Leighton
tubes. Between 5 and 12 tubes were used in each experi-
ment. After sedimentation for 3 h at 37°C, the plasma
containing nonadherent cells was removed, and adherent
cells were incubated with antimicrobial agent-free TC 199
medium (Hanks base) containing 10% normal serum and 50
ug of heparin per ml. This nutrient medium without heparin
was changed on days 1 and 3, and tubes were incubated with
5% CO,. On day 7, a homogeneous monolayer of well-
spread macrophages was obtained.

Antimicrobial agents. The following injectable forms of
antimicrobial agents were used: erythromycin lactobionate
(Abbott Laboratories, North Chicago, Ill.), rifampin formal-
dehyde sulfoxylate (Lepetit, Milan, Italy), doxycycline (Pf-
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TABLE 1. MICs of antimicrobial agents against L. pneumophila
MICs on BCYE agar (pg/ml)

Antimicrobial Strain
agent - Eight strains from
Paris CB ATCC patients
81.13 33152

Erythromycin 0.5 0.5 0.06-0.5

Rifampin 0.05 0.03 0.001-0.12

Doxycycline 1 1 0.5-2

Pefloxacin 0.5 1 0.12-1

Netilmicin 0.5 0.5 0.1-1

Cefoxitin 0.2 0.1 0.1-2

izer Inc., New York, N.Y.), sulfamethoxazole-trimethoprim
(Roche Diagnostics, Div. Hoffman-La Roche, Inc., Nutley,
N.J.), pefloxacin mesylate dihydrate (Roger Bellon), netil-
micin (Unilabo, Levallois-Perret, France), cefoxitin sodium
(Merck Sharp & Dohme, West Point, Pa.).

Infection of macrophage monolayers. Inoculation of mac-
rophages was performed on day 7 of culture. L. pneumophila
in TC 199 with 10% immune serum was added to macro-
phages in a ratio of 100 = 10 bacteria per cell. At 60 min,
extracellular and intracellular bacteria were enumerated in
one of the Leighton tubes. Extracellular bacteria were
removed by several washings with a determined volume of
phosphate-buffered saline (with Ca?* ions; pH 7.2); thereaf-
ter, intracellular bacteria were counted after disruption of
macrophages by introduction of 2 ml of distilled water over
30 min and by mechanical shaking. These procedures did not
alter the viability of bacteria. In other tubes, the supernatant
containing noningested bacteria was removed, and the ad-
hering bacteria were washed out with phosphate-buffered
saline. TC 199 medium (2 ml) with 10% normal human serum
and various concentrations of antimicrobial agents, alone or
in combination, was then added; the total volume was 2 ml
per tube. In each experiment, a control tube without agent
was included. In an earlier study, we showed that, at 60 min,
bacteria were readily ingested and that after washings with
phosphate-buffered saline, no cell-bound legionellae were
demonstrable morphologically by direct fluorescence assay
(24).

Extra- and intracellular bacteria were enumerated after
incubation at 37°C for 24 h. In control experiments, L.
pneumophila did not multiply in the macrophage culture
medium alone. Thus, all recovered extra- and intracellular
bacteria resulted exclusively from intracellular multiplica-
tion, since the extracellular bacteria were released after
disruption of macrophages loaded with L. pneumophila. In
each experiment, controls without macrophages were done
with the same medium and agent concentrations.

All determinations of CFU were performed on BCYE agar
after appropriate dilution in distilled water. Colonies were
enumerated after 5 days of incubation at 35°C with 2.5% CO,
and 95% humidity.

Expression of results. The total number (extra- plus intra-
cellular) of L. pneumophila, 24 h after macrophage infection
in the presence of serial concentrations of antimicrobial
agents, was compared with the total number of L. pneumo-
phila at 24 h without agent. Results were expressed by the
inhibition ratio: (total L. pneumophila at 24 h with agent/
total L. pneumophila at 24 h without agent) x 100%.

Thus, values greater than 100% indicated absence of
inhibitory effect of the antimicrobial agents and values lower
than 100% indicated an inhibitory effect; however, only
values lower than or equal to 10% were considered inhibi-
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tory (i.e., the number of recovered bacteria with antimicro-
bial agents 24 h after inoculation was 10-fold less than that
without agents). The lowest concentration of agent which
had an inhibitory effect on intracellular L. pneumophila
multiplication was then referred to as the MIEC.

Withdrawal of antimicrobial agents. In some experiments,
erythromycin or pefloxacin was withdrawn by repeated
washings after 24 h of contact with L. pneumophila-infected
macrophages. Fresh nutrient medium (TC 199 + 10% normal
serum) without antimicrobial agents was added at 24 h.
Infected macrophages were then incubated further for vari-
ous lengths of time, and counts of intracellular and extracel-
lular bacteria were determined at designated intervals.

Combinations of antimicrobial agents. The antimicrobial
agents were tested on infected macrophages by the check-
erboard method (15) with concentrations lower than the
MIECs. The number of points tested for each combination
was between 7 and 22.

Statistical analysis. A one-way analysis of variance for
unequal group sizes was applied to test for significance, by
using a significance level of P < 0.05.

RESULTS

MICs of antimicrobial agents against L. pneumophila. The
MICs of antimicrobial agents for L. pneumophila Paris CB
81-13 were found to be within the range of the MICs for the
reference strain ATCC 33152 and the eight patient strains
(Table 1). The MIC of sulfamethoxazole-trimethoprim was
too variable, because of the presence of p-aminobenzoic acid
in the BCYE agar, which hampers the assessment of sulfa-
methoxazole (3). The MIC of trimethoprim was 0.4 ng/ml for
the strain of L. pneumophila we used and within the range of
0.1 to 2 pg/ml for other strains.

Controls. (i) Intracellular multiplication of L. pneumophila
without antimicrobial agents. The ratio of total bacteria at 24
h without antimicrobial agent to intracellular bacteria at 60
min was equal to 49 *= 36 (n = 20). Thus, the spontaneous
intracellular multiplication of L. pneumophila within macro-
phages was between 1 and 2 log,.

(ii) Controls without macrophages. No change of L. pneu-
mophila counts was observed in controls without macro-
phages and without antimicrobial agents over a 24-h period
by using the culture medium TC 199 with 10% normal serum
(data not shown). With the exception of netilmicin (Table 2),
antimicrobial agents added at the concentrations used with
macrophages did not induce any change of the bacterial
count in the absence of macrophages (Tables 3, 4, and 5).

Effect of antimicrobial agents alone on intracellular multi-
plication of L. pneumophila. (i) Erythromycin. The values of
the ratio of total bacteria at 24 h with agent to that without
agent X 100% were less than 10% for concentrations of 1 to
0.05 pg/ml, indicating that the number of bacteria at 24 h

TABLE 2. Effect of netilmicin on intracellular multiplication of
L. pneumophila

Netilmicin Mean % inhibition ratio value = SD (n)*
concn With Without
(ng/ml) macrophages macrophages

5 0.06 = 0.003 (2) 0.39 £ 0.3 (4)
1 3.6 = 3(6) 0.52 £ 0.45(5)
0.5 24 +5Q) 2.7 +£05@4)
0.25 138 = 57.3 (2) 13.7 £ 17 (3)

< Inhibition ratio formula: (total bacteria at 24 h with agent/total bacteria at
24 h without agent) X 100%. n, Number of experiments.
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with such concentrations of erythromycin was reduced more
than 10-fold (Table 3). With erythromycin concentrations of
less than 0.05 wg/ml, there was either low or no reduction of
the intracellular multiplication of L. pneumophila as demon-
strated by ratio values close to 100%.

Thus, the tested concentrations of erythromycin may be
classified into two groups: group 1, including concentrations
equal to or greater than 0.05 pg/ml, which inhibited the
intracellular multiplication, and group 2, with concentrations
less than 0.05 pg/ml with no inhibition. No significant
differences were observed between values of the ratio within
each group (P > 0.05), but significant differences between
individual values of group 1 and group 2 were demonstrated
(P < 0.001). Therefore, 0.05 pg/ml was the MIEC of eryth-
romycin for L. pneumophila.

(ii) Rifampin. An inhibitory effect on the intracellular
multiplication of L. pneumophila was noted only with
rifampin concentrations of 0.01 and 0.005 pg/ml (Table 3).
Similar analysis as for erythromycin showed that 0.005
ng/ml was the MIEC for L. pneumophila.

(iii) Doxycycline, sulfamethoxazole-trimethoprim, and
pefloxacin. For doxycycline, sulfamethoxazole-trimeth-
oprim, and pefloxacin, the MIECs for L. pneumophila were
0.8, 0.5/0.1, and 0.0625 pg/ml, respectively (Table 4). As for
erythromycin and rifampin, concentrations could be classi-
fied into two groups. Similar statistical analysis showed no
significant differences between values of the ratio within
each group (P > 0.05), but a significant difference between
individual values of group 1 and group 2 (P < 0.001 for
doxycycline and pefloxacin, P < 0.01 for sulfamethoxazole-
trimethoprim) was observed.

(iv) Netilmicin. An identical analysis could not be per-
formed for netilmicin, since controls without macrophages
showed a high reduction of L. pneumophila count with
netilmicin concentrations equal to or higher than 0.25 pwg/ml.
With macrophages, the reduction of the intracellular multi-
plication was observed with concentrations higher than 0.5
pg/ml and to a lesser degree with 0.5 pg/ml (Table 2). Thus,
the exact reduction of intracellular multiplication could not
be demonstrated, since the reduction observed with macro-

TABLE 3. Effect of erythromycin and rifampin on intracellular
multiplication of L. pneumophila

Mean % inhibition ratio value * SD (n)®

Antimicrobial Concn
agent (pg/ml) With Without
macrophages® macrophages®
Erythromycin
Group 1 1 1+04@4) 87 £7.4(2)
0.5 0.8 0404 87 £7.4(2)
0.1 3654 114 =22 4)
0.05 325244 105.5 + 42 4)
Group 2 0.025 36.4 +17.1(7) 96 + 10 (4)
0.01 67.5 *+ 36.1 (6) 107.6 = 34 (5)
0.005 83.25 + 74 (4) 165 + 104 (4)
Rifampin
Group 1 0.01 13130 80 +7.8(3)
0.005 14 x1.7() 99.5 + 48.7 (4)
Group 2 0.0025 88.6 + 49 (9) 73 *26.6 (9)
0.00125 99.3 = 52 (7) 71 £17 4)
0.001 70.1 *+ 36 (8) 96.4 *+ 26 (5)

¢ Ratio formula is given in Table 2, footnote a. n, Number of experiments.

® For each antimicrobial agent, P is not significant between values within
each group (1 and 2); P < 0.001 between any individual value of group 1
compared with group 2.

¢ For each antimicrobial agent, P is not significant for any individual value.
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TABLE 4. Effect of doxycycline, sulfamethoxazole-trimethoprim,
and pefloxacin on intracellular multiplication of L. pneumophila

Mean % inhibition ratio
value = SD (n)*

s . Concn
Antimicrobial agent (ng/ml) With Without
macrophages® macrophages®
Doxycycline
Group 1 0.8 0.7 £0.2Q3) 80 =22 (3)
Group 2 0.4 58 +33.8(3) 137 £69(2)
0.25 52.7 £4193) 112 +41(3)
0.05 50.6 =21.2(3) 105 =32Q3)
Sulfamethoxazole-
trimethoprim
Group 1 100-20 1.3 = 0.04 (2) 71 £ 16 (3)
10-2 1.3 £ 0.03(Q2) 89 + 17 (3)
0.5-0.1 1.2 £0.3(2) 116 *= 36 (3)
Group 2 0.25-0.05 124 £ 4.4 (2) 90 + 19 (3)
0.1-0.02 40.1 = 29.3 (3) 90 (2)
Pefloxacin
Group 1 10 0.1 +0.03 (4
1 1.1 +19@) 73.6 +11.8(5)
0.5 03*+04@3) 95.1=%=154(2)
0.125 0.3+03@3) 93.1+282()
0.0625 0.6 034 96.1 =8.6(3)
Group 2 0.046875 28.7 £9.2(4) 101.2 +10.8(3)
0.03125 955 +17.1(4) 99.4 +18.1(3)

0.015625 106.5 = 54.1 (4) 100 = 53.7 (3)

“ Ratio formula is given in Table 2, footnote a. n, Number of experiments.

® For each antimicrobial agent, P is not significant between values within
each group (1 and 2); between any individual value of group 1 compared with
group 2; P < 0.001 for doxycycline and pefloxacin, and P < 0.01 for
sulfamethoxazole-trimethoprim.

° For each antimicrobial agent, P is not significant for any individual value.

phages could be caused by the effect of netilmicin on
extracellular bacteria being released from disrupted macro-
phages after intracellular multiplication.

(v) Cefoxitin. Cefoxitin had no inhibitory effect on the
intracellular multiplication of L. pneumophila even at a
concentration as high as 64 pg/ml (Table 5), although a slight
but nonsignificant reduction of the total number of bacteria
at 24 h was observed with a concentration of 64 pg/ml.

Effect of combinations of anti-infectious drugs. Controls
without macrophages with the same concentrations of two
antimicrobial agents as used with macrophages showed
neither reduction nor multiplication of L. pneumophila
counts at 24 h. The combination of erythromycin and
rifampin yielded the lowest fractional inhibitory concentra-
tion index (15), 0.6, of the tested combinations (Fig. 1).
Pefloxacin combined with erythromycin, rifampin, doxycy-
cline, or netilmicin was also tested. The fractional inhibitory
concentration index was 1.5 for pefloxacin and rifampin and

TABLE 5. Effect of cefoxitin on intracellular multiplication of
L. pneumophila

Cefoxitin Mean % inhibition ratio value = SD (n)*
conen With Without
(ng/m) macrophages macrophages
64 82 + 44.8 (5) 89 +1(3)

8 131 = 60.8 (4) 86 + 8.4 (2)
1 138 = 98.5 (4) 90 = 10 (3)
0.1 224 + 157 4) 89 +21(2)

“ Ratio formula is given in Table 2, footnote a. n, Number of experiments. P
is not significant for any individual value.
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FIG. 1. Effect of combination of various concentrations of eryth-
romycin and rifampin on intracellular multiplication of L. pneumo-
phila, by the checkerboard method. Concentrations lower than the
MIEC were used for each antimicrobial agent: 5 X 1072 pg/ml for
erythromycin and 5 x 1073 pg/ml for rifampin. Results are ex-
pressed by the inhibition ratio given in Materials and Methods.
Ratios of =10% (O) were considered inhibitory; ratios of >10% (@)
were considered noninhibitory. For every combination, the number
in parentheses indicates the value of the fractional inhibitary con-
centration index; values between 0.5 and 1.5 reflect an additive
effect.

1 for other combinations. Thus, an additive effect was
observed with all tested combinations.

Effect of withdrawal of erythromycin or pefloxacin at 24 h.
In these experiments, the number of total bacteria at later
times was compared with the number of intracellular bacte-
ria at 60 min. Erythromycin or pefloxacin was used for the
first 24 h at 1 pg/ml. The remaining intracellular bacteria at
24 h multiplied quickly after withdrawal of erythromycin,
leading to the destruction of the macrophage monolayer
(Table 6). However, withdrawal of pefloxacin was not fol-
lowed by multiplication of intracellular L. pneumophila until
hour 96; after this time only, disruption of the macrophage
monolayer by the intracellular growth of bacteria was ob-
served.

DISCUSSION

The macrophage Legionella model used in this study leads
to the determination of the MIECs for L. pneumophila. The
MIECs are probably more relevant than the conventional
MICs in predicting the efficacy of antimicrobial agents
against Legionnaires disease. This fact is well illustrated by
the discrepancy between the conventional MIC and the
MIEC of cefoxitin as demonstrated in the macrophage
model. Cefoxitin, which among the cephalosporins has the
lowest MIC (23) and is resistant to the pB-lactamase of L.
pneumophila (11), had no bacteriostatic effect on intracellu-
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lar L. pneumophila even at a concentration as high as 64
pg/ml. Similar results have been obtained with peritoneal
macrophages of guinea pigs (26). This correlates with the
inefficacy of cephalosporins and other B-lactams in experi-
mental infection (4, 5, 19) and in the therapy of Legionnaires
disease (4, 17).

We confirmed that erythromycin and rifampin, which have
a well documented activity in vivo against L. pneumophila
(9, 17) and in experimental infection of guinea pigs (5, 10,
12), do inhibit the intracellular multiplication of L. pneumo-
phila at low concentrations. These MIECs were 10-fold
lower than the MICs as determined on BCYE agar. Horwitz
and Silverstein (14), using freshly isolated human mono-
cytes, found that the intracellular multiplication of L. pneu-
mophila was inhibited by 1.25 pg of erythromycin per ml and
0.01 pg of rifampin per ml; these concentrations were higher
than the MIECs we found.

Doxycycline and sulfamethoxazole-trimethoprim also in-
hibited the intracellular multiplication of L. pneumophila at
low concentrations (0.8 and 0.5 to 0.1 pg/ml, respectively).
However, the MIEC of doxycycline (0.8 pg/ml) was close to
its MIC (1 pg/ml) and higher than the MIEC of erythromycin
(0.05 pg/ml) and of rifampin (0.005 pg/ml), as previously
noted by using peritoneal macrophages of guinea pigs (26);
this could be related to the partial and low efficacy of
tetracyclines in human Legionnaires disease (9, 17). Tri-
methoprim alone (4) and sulfamethoxazole-trimethoprim
(19, 20) have been shown to be active in experimental
infection of guinea pigs. However, the clinical efficacy of
sulfamethoxazole-trimethoprim against Legionnaires dis-
ease is still to be confirmed (17). The determination of the
MICs of sulfamethoxazote-trimethoprim-and suifamethoxa-
zole against L. pneumophila remains an unresolved question
with large variations (3, 5, 20, 23) caused by the nature and
compounds of the culture medium (5). This emphasizes the
interest of the MIEC determination in a cell culture model.

Pefloxacin, a new quinolone suitable for treatment of
systemic infections, exhibited a high activity against intra-
cellular L. pneumophila. This compound is also active
against experimental Legionella infection of guinea pig (1).
The persistence of its effect on intracellular Legionella sp.
after its withdrawal may be explained either by the persis-
tence of the drug within the cells or by a particularly potent
effect on intracellular bacteria which does not allow them to
multiply before 3 days. This postantibiotic effect of
pefloxacin has been observed also in the experimental infec-
tion of guinea pigs (1). Erythromycin, on the other hand, did
not exhibit this persistent antibacterial effect either in the
macrophage model or within human monocytes (14); nor was
it observed in experimental infection of guinea pigs (1).
Other new quinolones such as ciprofloxacin (7) and ofloxacin
(22) also exhibit a high activity against intracellular L.
pneumophila at concentrations close to those effective for
pefloxacin. Ofloxacin and ciprofloxacin are also active in
experimental infection of guinea pigs (8, 22). These results
strongly suggest that these new quinolones may be used

TABLE 6. Effect of withdrawal at 24 h of erythromycin and pefloxacin on intracellular multiplication of L. pneumophila

Antimicrobial Mean % inhibition ratio value = SD (n) at time in h“:

agent (1 pg/ml) 24 48 2 96 144
Erythromycin® 5.7 £3.6(2 89.8 = 32 (3)
Pefloxacin 36 +x1.103) 10.1 + 8.4 (4) 1.8 £0.3(2) 1.85 £ 1.1(5 77.2 = 40.2 (5)

“ Inhibition ratio formula: (total bacteria after different periods of time with agent/intracellular bacteria at 60 min) X 100%. n, Number of experiments.
® Not done after 48 h because macrophages were disrupted.
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alone or in combinations for the treatment of Legionnaires
disease in humans.

The intracellular activity of netilmicin was difficult to
assess because of the effect of this aminoglycoside on
extracellular bacteria. However, the intracellular penetra-
tion and activity of aminoglycosides are known to be poor.
Gentamicin has been shown to be poorly (12) or not (5, 10)
effective in an experimental guinea pig infection model and
to have no role in the treatment of Legionnaires disease (17).

Thus, antimicrobial agents erythromycin, rifampin and
pefloxacin alone are capable of inhibiting the intracellular
multiplication of L. pneumophila, at concentrations lower
than 0.06 pg/ml, and doxycycline and sulfamethoxazole-
trimethoprim can cause inhibition at concentrations between
0.1 and 1 pg/ml. Cefoxitin is ineffective. Netilmicin is
difficult to assess; its activity remains uncertain. The most
interesting point is the good correlation of the activity of
antimicrobial agents in a cellular model in vitro and in
experimental infection in vivo and also of their respective
efficacy in Legionnaires disease.

The comparison of the total number of bacteria at 24 h in
the presence of an antimicrobial agent, with the number of
intracellular bacteria at 60 min regarded as the intracellular
inoculum, may supply information on intracellular killing
effect of the antimicrobial agents. For the three most active
agents, erythromycin, rifampin, and pefloxacin, 5 to 20% of
the intracellular bacterial inoculum remained viable at 24 h at
concentrations equal to or up to 20-fold higher than the
MIECs (data not shown). This reduction of the intracellular
inoculum may be caused by actual intracellular bactericidal
activity of the agents or by combination of bactericidal
mechanisms of phagocytes with the effect of agents. Thus,
the comparison with the bactericidal activity of antimicrobial
agent in a usual acellular system remains questionable.
However, this reduction was slightly greater with pefloxacin
than with the other agents; this could explain, at least in part,
the delayed multiplication of L. pneumophila after with-
drawal of pefloxacin.

In the intracellular model, combinations of erythromycin
and rifampin, and of pefloxacin and other agents, yielded an
additive effect. This is likely to be of clinical significance in
the treatment of Legionnaires disease. The use of rifampin
alone, which is a very potent antibiotic treatment in exper-
imental infection (5), is hampered by the theoretical risk of
emergence of resistant mutants (3). These facts sustain the
use of combinations of erythromycin and rifampin in criti-
cally ill patients. Other combinations, such as new
quinolones and rifampin, may also be assessed in such cases.

ACKNOWLEDGMENTS

This work was supported by grants from INSERM (CRL 815026)
and the University of Paris 7, UER X. Bichat.

We thank J. J. Pocidalo (INSERM U13) for valuable help and
advice, P. Courvalin (Institut Pasteur) for helpful suggestions and
criticism of the manuscript, C. Gaudebout (INSERM U13) for help
in statistical analysis, G. Dameron for excellent technical assis-
tance, and M. A. Fontelonga for typing the manuscript.

LITERATURE CITED

1. Dournon, E., P. Rajagopalan, J. J. Pocidalo, and J. L. Vildé.
1986. Pefloxacin for treatment of experimental legionellosis. J.
Antimicrob. Chemoth. 17(Suppl. B):4148.

2. Dowling, J. N., F. J. Kroboth, M. Karpf, R. B. Yee, and A. W.
Pasculle. 1983. Pneumonia and multiple lung abscesses caused
by dual infection with Legionella micdadei and Legionella

INTRACELLULAR ANTIBIOTICS AND L. PNEUMOPHILA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

747

pneumophila. Am. Rev. Respir. Dis. 127:121-125.

. Dowling, J. N., D. A. McDevitt, and A. W. Pasculle. 1984. Disk

diffusion antimicrobial susceptibility testing of members of the
family Legionellaceae including erythromycin-resistant variants
of Legionella micdadei. J. Clin. Microbiol. 19:723-729.

. Edelstein, P. H. 1984. Imipenem in Legionnaires’ disease.

Lancet ii:757.

. Edelstein, P. H., K. Cabarco, and V. K. Yasmi. 1984. Antimi-

crobial therapy of experimentally induced Legionnaires’ disease
in guinea pigs. Am. Rev. Respir. Dis. 130:849-856.

. Edelstein, P. H., and R. D. Meyer. 1980. Susceptibility of

Legionella pneumophila to twenty antimicrobial agents. Anti-
microb. Agents Chemother. 18:403—408.

. Fitzgeorge, R. B. 1985. The effect of antibiotics on the growth of

Legionella pneumophila in guinea-pig alveolar phagocytes in-
fected in vivo by an aerosol. J. Infect. Dis. 10:189-193.

. Fitzgeorge, R. B., D. H. Gibson, R. Jepras, and A. Baskerville,

1985. Studies on ciprofloxacin therapy of experimental Legion-
naires’ disease. J. Infect. 10:194-203.

. Fraser, D. W., T. F. Tsai, W. Orenstein, W. E. Parkin, H. J.

Beecham, R. G. Sharrar, J. Harris, G. F. Mallison, S. M. Mar-
tin, J. E. McDade, C. C. Shepard, P. S. Brachman, and the Field
Investigation Team. 1977. Legionnaires’ disease: description of
an epidemic of pneumonia. N. Engl. J. Med. 297:1189-1197.
Fraser, D. W., 1. K. Wachsmuth, C. Boff, J. C. Feeley, and T. F.
Tsai. 1978. Antibiotic treatment of guinea pigs infected with
agent of Legionnaires’ disease. Lancet i:175-178.

Fu, K. P., and H. C. Neu. 1979. Inactivation of B-lactam
antibiotics by Legionella pneumophila. Antimicrob. Agents
Chemother. 16:561-564.

Gibson, D. H., R. B. Fitzgeorge, and A. Baskerville. 1983.
Antibiotic therapy of experimental airborne Legionnaires’ dis-
ease. J. Infect. Dis. 7:210-217.

Horwitz, M. A., and S. C. Silverstein. 1980. Legionnaires’
disease bacterium (Legionella pneumophila) multiplies intra-
cellularly in human monocytes. J. Clin. Invest. 66:441-450.
Horwitz, M. A., and S. C. Silverstein. 1983. Intracellular multi-
plication of Legionnaires’ disease bacteria (Legionella pneumo-
phila) in human monocytes is reversibly inhibited by erythro-
mycin and rifampin. J. Clin. Invest. 71:15-26.

Krogstad, D. J., and R. C. Moellering. 1986. Combinations of
antibiotics, mechanisms of action against bacteria, p. 537-595.
In V. Lorian (ed.), Antibiotics in laboratory medicine. The
Williams & Wilkins Co., Baltimore.

Lewis, V. J., W. L. Thacker, C. C. Shepard, and J. E. McDade.
1978. In vivo susceptibility of the Legionnaires disease bacte-
rium to ten antimicrobial agents. Antimicrob. Agents Chemo-
ther. 13:419-422.

Meyer, R. D 1983. Legionella infections: a review of five years
of research. Rev. Infect. Dis. 5:258-278.

Parker, M. M., A. M. Macher, J. H. Shellamer, and J. E. Balow.
1983. Unresponsiveness of Legionella bozemanii pneumonia to
erythromycin administration despite in vitro sensitivity. Am.
Rev. Respir. Dis. 128:955-956.

Pasculle, A. W., J. N. Dowling, F. N. Frola, D. A. McDevitt, and
M. A. Levi. 1985. Antimicrobial therapy of experimental Le-
gionella micdadei pneumonia in guinea pigs. Antimicrob.
Agents Chemother. 28:730-734.

Plouffe, J. F., M. F. Para, and G. E. Bollin. 1984. Sulfamethox-
azole-trimethoprim treatment of guinea pigs infected with Le-
gionella pneumophila. J. Infect. Dis. 150:780-782.

Rudin, J. E., T. L. Evans, and E. J. Wing. 1984. Failure of
erythromycin in treatment of Legionella micdadei pneumonia.
Am. J. Med. 76:318-320.

Saito, A., K. Sawatari, Y. Fukuda, M. Nagasawa, H. Koga, A.
Tomonaga, H. Nakazato, K. Fujita, Y. Shigeno, Y. Suzuyama, K.
Yamaguchi, K. Izumikawa, and K. Hara. 1985. Susceptibility of
Legionella pneumophila to ofloxacin in vitro and in experimen-
tal Legionella pneumonia in guinea pigs. Antimicrob. Agents
Chemother. 28:15-20.

Thornsberry, C. C., N. Baker, and L. A. Kirven. 1978. In vitro
activity of antimicrobial agents on Legionnaires disease bacte-
rium. Antimicrob. Agents Chemother. 13:78-80.



748 VILDE ET AL.

24. Vildé, J. L., E. Dournon, and T. Tram. 1981. Ingestion de
Legionella pneumophila par les macrophages humains dérivés
des monocytes; role des anticorps opsonisants et du com-
plément. Ann. Immunol. (Paris) 132D:207-211.

25. Vildé, J. L., P. Lagrange, F. Vildé, and M. C. Blayo. 1977. Some
functional and metabolic properties of human monocyte-derived

26.

ANTIMICROB. AGENTS CHEMOTHER.

macrophages, p. 347-357. In F. Rossi, P. L. Patriarca, and D.
Romeo (ed.). Movement, metabolism and bactericidal mecha-
nisms of phagocytes. Piccin Nuova Libraria, Padua, Italy.
Yoshida, S. I., and Y. Mizuguchi. 1984. Antibiotic susceptibility
of Legionella pneumophila Philadelphia-1 in cultured guinea pig
peritoneal macrophages. J. Gen. Microbiol. 130:901-906.



